Abstract A saturated absorption spectroscopy setup was developed and optimised for the characterisation of a home-built and a commercial Fabry-Pérot interferometer (FPI). The free spectral range of these FPIs has been determined with reliable statistical and systematic errors. These FPIs will be used for accurate wavelength determination of broad-and narrowband pulsed Ti:Sapphire lasers used in resonance ionisation spectroscopy experiments.
Introduction
Laser resonance ionisation offers outstanding opportunities to combine selectivity and sensitivity with an on-line ion source for means of element-selective ionisation of short-lived exotic nuclei or for the study of part-per-million pertubations in the atomic levels through measurements of hyperfine structure and isotope shifts [1] . This method of spectroscopy is commonly referred to as in-source resonance ionisation spectroscopy (RIS) and has been demonstrated both in hot cavity ion sources as well as buffer gas cells. Despite the impressive sensitivity to nuclei produced far from stability, it often remains a challenge to analyse the lower resolution in-source spectra (a reduction in spectral resolution due to environmental effects as well as the pulsed laser linewidth) and to reliably assign systematic uncertainties. In these experiments it is not possible to keep the laser frequency fixed and use a doppler tuning voltage for scanning, as in high-resolution collinear laser spectroscopy, thus the laser frequency itself must be scanned. This necessitates accurate wavelength determination. At the IGISOL facility, Jyväskylä, the wavelength of the pulsed Ti:sapphire laser radiation has been traditionally measured using a HighFinesse WS/6-UV wavemeter with an absolute accuracy of 600 MHz. Although this resolution is satisfactory for laser resonance ionisation, it was found to be unsuitable when used for spectroscopy through a measurement Fig. 1 : Schematic of the cw laser system, the saturation absorption spectroscopy setup and two Fabry-Pérot interferometers. The ramp generator (Miniscan 102) and photodiodes can be connected to either FPI unit as required. The relevant data acquisition system is also highlighted. Colour on-line.
of the hyperfine parameters of 63 Cu which revealed discrepancies to existing high-resolution literature data [2] .
A more appropriate method of frequency determination is with a scanning Fabry-Pérot interferometer (FPI). At IGISOL, pulsed Ti:Sapphire lasers with a broad range of bandwidths are in use. The standard resonator configuration is based on the Z-shaped standing wave design with a bandwidth of typically 5 GHz, currently in use at many RIB facilities for in-source resonance laser ionisation [3] , a dual-etalon Ti:Sapphire laser for in-gas-cell spectroscopy with a bandwidth reduced to <1 GHz [2] and an injection-locked Ti:Sapphire laser with a narrow bandwidth of ∼20 MHz [4, 5] , motivated for the exploitation of in-gasjet spectroscopy. These various bandwidths require FPIs with different free spectral ranges (FSRs) in order to calculate the frequency changes in a suitable mode of resolution. To measure frequency changes during scanning the interferometers must first be calibrated, in other words the FSR needs to be determined as precisely as possible. The method described in this work is via a calibration against an atomic transition exhibiting a well-known hyperfine structure. For this purpose we have developed a Doppler-free saturated absorption spectroscopy setup which uses either a Rb or Cs vapour cell, installed in a newly constructed continuous wave (cw) Ti:Sapphire laser laboratory.
Experimental setup and data acquisition
A schematic of the saturated absorption spectroscopy setup is given in Fig. 1 . The cw Ti:Sapphire laser beam (Sirah Matisse TS), pumped by a 6W Millennia eV DPSS laser, is split up in two beams by a polarising beam splitter cube (PBSC) and a half-waveplate. One of the beams is fibre coupled to the HighFinesse WS/6-UV wavemeter, the other is reflected to the experimental setup. A 70:30 beam splitter sends 70% of this beam to be used for spectroscopy with the remaining 30% delivered to the FPIs.
As can be seen in Fig. 1 , in order to perform saturated absorption spectroscopy a part of the laser beam is split in two by reflecting it on the front and back surface of an uncoated thick (12 mm) glass beam splitter. The beam from the front reflection is termed the reference beam and the back reflection the probe beam. Both beams have a diameter of approximately 1 mm and pass through a vapour cell containing either natural rubidium (72.168% 85 Rb and 27.835% 87 Rb) or caesium ( 133 Cs). Individual photodiodes (Thorlabs, FDS100) are used to record the probe and reference beam, the signals then being fed into the data acquisition. The difference between the probe and reference signals is generated electronically and used as an input for the lock-in amplifier (Stanford Research Systems, SR510). The majority of the laser light, however, is transmitted by the thick beam splitter and becomes the pump beam, after expansion to a larger diameter of about 3 mm using a telescope. Before being overlapped in a counter-propagating direction with the probe beam by reflection from a D-shaped mirror, the pump beam is modulated using a chopper wheel. This wheel can be operated at different frequencies set by the chopper controller (Stanford Research Systems, SR540) and is needed in conjunction with the lock-in amplifier.
In addition to the saturated absorption spectroscopy setup, 30% of the Ti:Sapphire beam is sent to one of two scanning FPIs together with a frequency-stabilised HeNe laser (Melles Griot, 25-STP-912-230), stable to within a MHz per hour and 10 MHz per month according to specifications [6] . One FPI is home-built and uses a semi-hemispherical geometry, with a planar and a concave mirror (7.5 cm radius of curvature) having a broadband coating (97% reflectivity for 630-1050 nm) [7] . Due to the non-confocal nature of the FPI the laser beams must be mode-matched to the cavity in order to suppress higher order Hermite-Gaussian modes. The incoming laser beams may also have different waist sizes which will affect the mode-matching, and thus both beams pass through an aperture of approximately 1 mm in diameter before being focused into the FPI. Currently the finesse is limited to a value of ∼75, however values of close to 1500 were reached when using a pair of high reflecting mirrors of R=99.8%, at the expense of greatly reduced transmission. The second FPI is a confocal commercial Toptica FPI-100-0750-y with an FSR of 1 GHz and a Finesse of 200-500 with the mirror set coated for 615-885 nm [8] . For both FPIs, scanning of one mirror by a piezo is provided by a ramp generator (Toptica, Miniscan 102). The Ti:Sapphire and HeNe beams are combined and split up again after the FPI with dichroic mirrors (Thorlabs, M254C45) and are detected on photodetectors with variable amplification (Thorlabs, PDA36A-EC). Fast switching between the FPIs is provided by flip mirrors.
The data acquisition hardware module from National Instruments (NI USB-6210) has 16 analogue voltage input channels with a sampling rate of 250kS/s shared between all channels in use [9] . In this work, six signals are connected: the photodiode signals from both probe and reference beam, the FPI photodiode signals of the HeNe and the Ti:Sapphire, the lockin amplifier output and the trigger signal of the ramp generator. Acquisition and on-line visualisation is controlled in LabVIEW TM . The DAQ sampling rate puts a maximum limit on the piezo scan speed of the high finesse FPI cavities, as proper peak detection is needed. Since the raw data of all signals would quickly reach an inconvenient file size, real-time analysis is used for data reduction. A time average over one FPI scan is taken for the probe and reference signals. A linear fit of the data over this period of one FPI scan is performed to calculate the error using the fit residuals. Only the average of each signal and the standard deviation of the fit residuals are saved. By utilising a peak detection routine in LabVIEW TM , only the location and amplitude of the transmission fringes are recorded. The acquisition and analysis loops are separated in order to operate simultaneously with optimal performance. The peak detection is performed using the default peak detect function in LabVIEW TM , Peak detector VI [10]. It is based on an algorithm that fits a quadratic polynomial to consecutive groups of data points specified by an adjustable interval.
Optimisation of saturated absorption setup
According to saturated absorption theory [11] , it is possible to obtain a Doppler-free spectrum with a flat background and a spectral linewidth only limited by the natural linewidth of the atomic transition by subtracting the reference signal from the probe signal, as all fluctuations should be identical for the two beams. In the normal experimental setup without a lock-in amplifier a background noise signal was always seen. This was due to imbalances in the photodiodes and their amplifiers, and absorption differences in the probe and reference beam. The reflections of the thick beam splitter are not equal in power, so slight steering and power changes while scanning the Ti:sapphire laser frequency affect both photodiode The HFS splittings were calculated using the standard HFS equation [12] using HFS parameters from [13, 14] .
signals differently. This can give rise to a non-constant background and residual Doppler broadening in the difference signal. An example can be seen in Fig. 2a for a spectrum on the Rb D1 transition, the details of which are presented in To solve the problem of the residual background contributions, a lock-in amplifier was installed as shown in Fig. 1 using the direct difference between probe and reference beam as input. The waveform from the chopper controller, a square wave, is used as the reference signal for the lock-in amplifier. This eliminates the background as only signals correlated with the pump beam are recorded, and amplifies the resonances. An example of the spectral enhancement can be seen in Fig. 2b . This experimental setup was tested to obtain the optimal conditions. As the input and reference signal are mixed in the lock-in amplifier, it can be shown with simple mathematics that the output is of the form V out = 1 2 V signal V re f cos(∆ φ ) where V i are the amplitudes and ∆ φ the phase difference between the signal and reference. Therefore changing the phase angle between the input and reference signal on the lockin amplifier should yield a cosine dependence on the peak intensities as is experimentally observed in Fig. 4 . Notice that the results shown in Fig. 4 are for spectroscopy on Cs.
As considerable condensation was present at room temperature in the Rb vapour cell, a heating controller (Thorlabs TC200) was installed around the cell. The effect of heating was investigated by comparing the depth of the Doppler-broadened absorption (using the single reference beam) and the saturated absorption peak intensity for different temperatures, as shown in Fig. 5 . Cs on the other hand showed a very strong absorption, even at room temperatures, therefore the heater is not required in this case. In order to characterise the FSR of the FPIs, the saturated absorption spectrum of the D1 transition in Rb was recorded, simultaneously with the transmission fringes of both the stabilised HeNe laser and the scanning cw Ti:sapphire laser. The initial step in the characterisation procedure is to convert the recorded time scale to a scale in number of FSR. The data is first split up into separate FPI scans using the ramp trigger signal as an indicator of the start and stop of each scan. Both the HeNe and Ti:Sapphire transmission fringe positions in a scan are then identified. Ideally, the distance between consecutive fringes should be constant, however this is not the case due to the non-linearity of the piezo scanning of the FPI mirror. Therefore, the fringe positions are linearised. The positions of the HeNe fringes, with the first fringe set to zero for reference, are plotted versus the number of fringes counted, which is equal to the number of scanned FSRs. The data points are then fitted with polynomials of different orders. An example of one such fit can be seen in Fig. 6 . While the deviation between a linear fit and the data points is of the order of 5% of one FSR, the third degree polynomial reproduces the data accurate to 0.4%. Higher order polynomials did not significantly improve the fit. The positions of the Ti:Sapphire fringes are then converted to the number of FSRs scanned, using the fit parameters obtained from the HeNe transmission fringes and scaling by the ratio of the wavelengths, λ HeNe /λ Ti:Sa = 632.099 nm/794.979 nm.
Secondly, one Ti:Sapphire fringe and the corresponding HeNe fringe are chosen, to track and use for the determination of the number of FSR scale. While temperature changes and vibrations will cause drifting of the transmission fringes, both the HeNe and Ti:Sapphire are affected in the same manner. The position difference between the Ti:Sapphire and HeNe fringes is thus unaffected. As the tuning range of the Ti:Sapphire laser often spans multiple FSRs to cover the whole hyperfine structure, the tracked Ti:Sapphire fringe would at some point leave the available scanning range provided by the piezo. To overcome this problem, the transmission order of the tracked Ti:Sapphire fringe is changed by one in the analysis procedure each time the currently tracked fringe moves too far from the HeNe fringe, i.e. by more than half an FSR (Fig. 7) . The scanned number of FSRs is then the value obtained from the linearisation fit procedure for the tracked Ti:Sapphire fringe plus the number of jumps, N j , up to that point in the Ti:Sapphire scan,
To improve the statistical uncertainty, multiple Ti:Sapphire fringes may be tracked in the same way to calculate an average for FSR f it . The number of Ti:Sapphire fringes one can choose to track depends on the number of recorded Ti:Sapphire fringes per scan, the nonlinearity and the temperature stability. Usually the piezo movement is highly non-linear at the start and end of a scan, so it is best not to use the Ti:Sapphire fringes close to a change in scan direction. Temperature fluctuations will move the HeNe fringes, so some transmission orders might (dis)appear from the FPI scanning range. As the same HeNe transmission orders are tracked over the whole spectrum, only orders that are present throughout the entire hyperfine structure scan can be used. Based on these considerations, an optimal number of Ti:Sapphire fringes can be chosen for each spectrum.
The difference between the number of FSRs obtained for each Ti:Sapphire fringe from the fit, after rescaling by the wavelength ratio, should be equal to one, as one FSR is de- fined as the spacing between two fringes. The deviation from one gives the remaining nonlinearity that is not compensated. For each FPI scan the average of the differences from one is calculated, and then finally, the average of all values for one spectrum is determined. This value is added as a systematic error to the measured value of the FSR. Combining the number of FSRs scanned with the recorded photodiode signals, a spectrum can be plotted with one data point for each FPI scan. The value of the FSR, in frequency units, is then obtained from a hyperfine structure fit with the all hyperfine parameters fixed to literature values but multiplied by a free-running common scaling factor. The inverse of this scaling factor is an accurate measure of the FSR.
Results
In total 14 spectra were recorded on the D1 transition in Rb, two for the home-built FPI and eight for the Toptica FPI without lock-in amplifier, and two scans for each FPI with the lock-in amplifier. Each spectrum was converted to an x-axis in number of FSR using the procedure outlined in section 4.1, each time using the optimal number of Ti:Sapphire fringes. Hyperfine structure fits were performed to the Rb spectra with Lorentzian lineshapes, a common full width at half maximum (FWHM) and the common scaling factor for the hyperfine parameters and isotope shift fixed to the literature values [13, 14] . All peak intensities were left free, as constraining them by the Racah coefficients had a negative effect due to the peak positions not being in the exact location given by the hyperfine parameters. The positions of the crossover peaks were determined using the hyperfine parameters, and thus are also scaled by the common factor. The weighted averaged FSR values for each FPI, with and without the use of the lock-in amplifier, can be found in Table 1 , including a previous value determined for the commercial Toptica FPI [5] . the optical table better shielded from the air flow from the air-conditioning unit. Very recent tests show that the systematic error for the Toptica FPI has been reduced to 3 MHz. This directly correlates to less drifting of the HeNe fringes in the new environment, as was seen when tracking the fringes over time.
To prove that using multiple Ti:Sapphire fringes for the conversion to scanned number of FSR improves the statistical uncertainty, the conversion for four spectra was done using one to five fringes out of a total of about six or seven fringes. Five fringes was the maximum possible due to temperature instabilities. For each number of used fringes the fit to determine the FSR was performed. In all spectra the reduced chi-squared improved with the number of fringes used. The statistical uncertainty on the FSR value also decreased and the value itself appears to saturate with increasing number of fringes, shown for one spectrum in Fig. 8 .
As a consistency check, the four spectra taken with the lock-in amplifier were converted to an actual frequency scale. This is done by multiplying the scanned number of FSR from Eq. 1 by the obtained FSR in frequency units from Table 1 . The fit to the hyperfine structure was then redone, however now using free-running hyperfine parameters and isotope shift, again with Lorentzian lineshapes, a common FWHM and free intensities. Typical differences of the hyperfine parameters with respect to literature values are of the order of 0.5 MHz for the Toptica and 0.8 MHz for the home-built FPI, as can be seen in Table 2 , which is considerably smaller than the systematic errors of either 4 or 5 MHz. This gives confidence in the assignment of the systematic errors.
Conclusion
A saturated absorption spectroscopy setup for Rb and Cs has been implemented at the IGISOL facility and optimised using phase-sensitive detection via a lock-in amplifier. Us- ing the saturated absorption spectrum of the D1 transition in Rb as a calibration, a procedure for frequency conversion using FPIs has been developed and described in detail.
The free spectral range of a commercial Toptica and a home-built FPI were determined to be 0.998836 (13) [4000] GHz and 3.46571 (5) [500] GHz, respectively. The technique has resulted in a good understanding of statistical and systematic errors.
The rather large size of the systematic uncertainties (of the order of a few MHz) is most likely due to temperature instabilities within the laser laboratory. Work on the general lab environment has been undertaken to reduce the uncertainties further and investigations to quantify the instabilities are currently of high priority. In order to mitigate any temperature drifts in the future, one route to be pursued will be to temperature stabilise the FPIs well above room temperature in order to be independent from the general laboratory environment.
Improvements are also underway for the data acquisition. It has been observed that small fluctuations in the FPI photodiode signals may cause errors such as duplicate detection in the peak detector routine. As the transmisson fringes can be expressed as series of Lorentzian functions [15] , a new method based on Lorentzian fitting is expected to yield a more reliable and accurate result. It is further anticipated to interface the DAQ system with the scanning of the laser through the Matisse Commander such that individual frequency steps can be taken.
In the future, the cw Ti:sapphire laser will be used for high-resolution collinear laser spectroscopy experiments and thus will require long-term frequency stabilisation. Typical stabilisation methods include the use of a suitable commercial wavelength meter [16] or by transferring the stability of a master laser via an FPI of low FSR [17] . Often, a frequency stabilised HeNe laser acts as the master laser achieving a long-term frequency stability of ∼400 kHz relative to the HeNe [18] . It is foreseen to investigate the frequency stability of the HeNe laser used in the experiments presented here by stabilising the Matisse TS against a saturated absorption peak and tracking the transmission fringes of both lasers via a 150 MHz FPI. In parallel, tendering for a new commerical wavemeter has begun. The best method of frequency stabilising the cw Ti:Sapphire laser will then be evaluated.
